Studies of limb bone loading in terrestrial mammals have typically found anteroposterior bending to be the primary loading regime, with torsion contributing minimally. However, previous studies have focused on large, cursorial eutherian species in which the limbs are held essentially upright. Recent in vivo strain data from the Virginia opossum (Didelphis virginiana), a marsupial that uses a crouched rather than an upright limb posture, have indicated that its femur experiences appreciable torsion during locomotion as well as strong mediolateral bending. The elevated femoral torsion and strong mediolateral bending observed in D. virginiana might result from external forces such as a medial inclination of the ground reaction force (GRF), internal forces deriving from a crouched limb posture, or a combination of these factors. To evaluate the mechanism underlying the loading regime of opossum femora, we filmed D. virginiana running over a force platform, allowing us to measure the magnitude of the GRF and its three-dimensional orientation relative to the limb, facilitating estimates of limb bone stresses. This three-dimensional analysis also allows evaluations of muscular forces, particularly those of hip adductor muscles, in the appropriate anatomical plane to a greater degree than previous two-dimensional analyses. At peak GRF and stress magnitudes, the GRF is oriented nearly vertically, inducing a strong abductor moment at the hip that is countered by adductor muscles on the medial aspect of the femur that place this surface in compression and induce mediolateral bending, corroborating and explaining loading patterns that were identified in strain analyses. The crouched orientation of the femur during stance in opossums also contributes to levels of femoral torsion as high as those seen in many reptilian taxa. Femoral safety factors were as high as those of non-avian reptiles and greater than those of upright, cursorial mammals, primarily because the load magnitudes experienced by opossums are lower than those of most mammals. Thus, the evolutionary transition from crouched to upright posture in mammalian ancestors may have been accompanied by an increase in limb bone load magnitudes.
INTRODUCTION
For most tetrapod vertebrates, limb bones play a crucial role in the support of the body and transmission of muscular and propulsive forces. The forces to which limb bones are exposed during terrestrial locomotion likely impose some of the highest loads that these structures experience (Biewener, 1990; Biewener, 1993) . However, a growing body of data now indicates that substantial differences in loading mechanics (both loading regimes and magnitudes) are present among tetrapod lineages with different characteristic locomotor patterns. For example, early studies of mammals running with upright, parasagittal limb postures indicated that anteroposterior (AP) bending was generally the most important loading regime, and that the ratio of limb bone strength to load magnitude (i.e. safety factor) was generally between two and four (Rubin and Lanyon, 1982; Biewener et al., 1983; Biewener et al., 1988) . In contrast, more recent data from amphibians and reptiles that use sprawling limb posture indicated prominent limb bone torsion in addition to bending, with limb bone safety factors of usually at least five and sometimes exceeding 10 (Blob and Biewener, 1999; Blob and Biewener, 2001; ). Yet, a view that such patterns have strict phylogenetic associations may not be appropriate. For example, significant torsional loading has been described for the hindlimb elements of running birds (Carrano, 1998; Main and Biewener, 2007) and laboratory rats (Keller and Spengler, 1989) , species that move the limbs in essentially parasagittal planes, but hold the femur in a more crouched position than the upright stance typical of the cursorial mammals (e.g. horses and dogs) examined in most early studies (Rubin and Lanyon, 1982; Biewener et al., 1983) . Limb posture, therefore, also appears to play a crucial role in the mechanics of limb bone loading.
To evaluate how limb bone loading patterns have diversified across clades that use different characteristic postures and locomotor kinematics, we recently analyzed in vivo strains from the femora of the Virginia opossum, Didelphis virginiana (Kerr 1792), during running on a treadmill . Examination of this species has expanded perspectives on the diversity of limb bone loading mechanics in several ways. First, as a running marsupial, opossums belong to a lineage that is phylogenetically intermediate between the mammals and reptiles that have received previous study (Meyer and Zardoya, 2003) , and could provide insight into transitions in loading patterns between these groups. Second, opossums provide additional limb bone loading data from a mammalian species that uses a more crouched limb posture (Jenkins, 1971) , testing whether patterns observed in rats might hold more generally. Our strain measurements gave estimates of femoral safety factors moderately higher than those evaluated for other mammalian lineages, and also indicated significant femoral torsion in opossums in addition to bending . Moreover, planar strain analyses indicated a general mediolateral (ML) orientation to femoral bending . This result was surprising, considering that the opossums were running with essentially fore-aft oscillations of the limbs, and previous force platform data from small mammals (chipmunks and ground squirrels) had indicated AP bending of the femur in those species (Biewener, 1983) .
Although in vivo strain data provide crucial information on the distribution of loads for specific locations on bone surfaces, they are often insufficient to indicate the mechanisms underlying the generation of the loads that are measured. To provide a complementary assessment and help evaluate the mechanisms contributing to the loading patterns of opossum femora, we evaluated the stresses developed in the femur of D. virginiana by collecting synchronized, three-dimensional kinematic and force platform data from this species during terrestrial locomotion. By integrating data on limb position with data on locomotor ground reaction forces (GRFs), analyses of joint equilibrium can be performed to clarify both the external and muscular forces and moments acting on limb bones (Biewener and Full, 1992) . Although the estimates of load magnitude that these analyses generate are indirect, significant insights into the mechanics underlying bone loading patterns can be produced (Blob and Biewener, 2001) . The use of three-dimensional analyses could be particularly helpful in this regard, as most previous force-platformbased analyses of mammalian limb bone loading have used twodimensional measurements of kinematics and GRF (e.g. Alexander, 1974; Biewener, 1983; Biewener et al., 1988) , with which observations of torsion and ML bending would be difficult. Thus, this study will provide insight into both the specific factors contributing to the loads experienced by opossum limbs and, more generally, the sequence of changes in limb bone loading mechanics through the evolutionary diversification of tetrapods.
MATERIALS AND METHODS Animals
Force-platform data were collected from four Virginia opossums, D. virginiana (three females and one male, 1.6-3.9kg body mass). Opossums were collected using live traps (Havahart EasySet, 0.8ϫ0.3ϫ0.4m; Forestry Suppliers, Jackson, MS, USA) in Pickens, Anderson and Greenville Counties, SC, USA. Opossums were housed at room temperature (20-23°C) in medium-sized primate enclosures (~1ϫ1ϫ0.75m) containing a litter pan and a pet carrier to provide cover for the animals. Opossums were exposed to 12h:12h light:dark cycles, provided with water, and fed with commercial cat food daily. Prior to experiments, fur was shaved from the lateral aspect of the right hindlimb of each opossum, and anatomical landmarks of interest were located by palpation and marked on the skin using dots of black marker surrounded by white correction fluid. Guidelines and protocols approved by the Clemson University IACUC (AUP ARC2007-030 and 2009-059) were followed during all procedures. At the conclusion of force-platform trials and complementary measurements of in vivo bone strain , opossums were anesthetized (20mgkg -1 i.m. ketamine injection) and then killed by an overdose of pentobarbital sodium solution (Euthasol ® , Delmarva Laboratories Inc., Midlothian, VA, USA; 200mgkg -1 intracardiac injection). Experimental specimens were then frozen for later dissection and measurement of anatomical variables.
Collection of kinematic and GRF data
Lateral and posterior views of opossums running with a trotting gait were filmed using a pair of digitally synchronized high-speed video cameras (Phantom v.4.1, Vision Research Inc., Wayne, NJ, USA) at 200Hz. Successful trials consisted of the right hindlimb of an individual striking a custom-built force platform (K&N Scientific, Guilford, VT, USA) that was inserted into a wooden trackway [for details see ]. The functional surface of the plate was restricted to an 11ϫ10cm area to increase the probability of recording isolated footfalls from a single limb. The surface of the platform was flush with the trackway, and the track and platform were coated with spray-grit and thin rubber, respectively, to reduce foot slippage.
Opossums were allowed to run at a self-selected speed during trials, and were encouraged by providing a shelter at the far end of the trackway and using a variety of stimuli, including gently squeezing the base of the tail and rubbing sandpaper or laboratory instruments together to create rasping noises. The trackway was kept at room temperature (20-23°C) and each individual was allowed several minutes of rest between trials, with extended rest periods when a specific stimulus no longer elicited a response. Trials judged suitable for analysis showed minimal overlapping contact of the right forelimb and hindlimb on the platform.
Highlighted anatomical landmarks (hip, knee, ankle, metatarsophalangeal joint, tip of digit four, and two points dorsal to the hip marking the anterior and posterior pelvic margins) were digitized from every frame of both lateral and posterior AVI video files using DLTdataViewer2 software (Hedrick, 2008) . Skin movement over landmarks appeared minimal, but may have contributed to some error in the location of joints during digitizing. Three-dimensional limb kinematics were calculated using custom MATLAB (v.7.9.0; The MathWorks Inc., Natick, MA, USA) routines that calibrated the two camera views, corrected for parallax, and allowed smoothing and normalization of traces from all trials to the same duration (101 points) by fitting quintic splines to coordinate data (Walker, 1998) . Instantaneous animal speed throughout each trial was also calculated by differentiating the cumulative displacement of the posterior pelvic landmark.
The force platform resolved vertical, AP and ML components of the GRF. Specifications for the platform and data acquisition system were described in a previous paper . Force data were collected at 5000Hz using a custom LabVIEW (v.6.1; National Instruments, Austin, TX, USA) routine, with amplifier gains adjusted as appropriate to maximize platform sensitivity for each animal. The platform was calibrated daily in all three directions, and cross talk was negligible between force channels. The natural unloaded frequencies of each force plate component were 190Hz, a value large enough compared with the stride frequency of opossums to limit confounding of the GRF signal.
Force and kinematic data were synchronized using a trigger that, when activated, simultaneously produced a 1.5V signal in the force trace and flashed an LED visible in the video. All three components of the GRF measured while the right hindfoot contacted the platform were smoothed and normalized to 101 points using a quintic spline algorithm (Walker, 1998) in custom MATLAB routines, matching the number of points calculated for kinematic data. For consistency with our previous force-platform studies of sprawling species (Blob and Biewener, 2001; , the GRF point of application was initially calculated at the center of the portion of the foot in contact with the ground, and recalculated for each frame as the posterior portion of the foot was lifted from the ground during stance phase (Carrier et al., 1994) . The small size of opossum feet should limit any error incurred through this approach.
A custom MATLAB program was used to process synchronized video and force data to calculate the GRF magnitude, orientation and moments about each hindlimb joint, producing the input for analyses of femoral stresses. Moments about the hindlimb joints induced by gravity and the momentum of the limb were assumed to be negligible in our models because they are typically small relative to the moments produced by the GRF during stance, particularly for taxa in which the limbs are short and small in mass relative to the body (Alexander, 1974; Biewener, 1983; Biewener and Full, 1992) .
Model of hindlimb muscle activity and bone stress analyses
Following the approaches of our previous analyses of GRFs in sprawling taxa (Blob and Biewener, 2001; , the forces acting on the hindlimbs of opossums were resolved into an anatomical frame of reference determined by the primary planes of motion of the limb segments. However, because opossums use limb motions that are much closer to parasagittal than horizontal (Jenkins, 1971) , conventions for these planes differ from those for sprawling taxa: the ML plane contains both the femoral and tibial long axes, the AP plane contains the femoral long axis but is oriented perpendicular to the ML plane, and the dorsoventral (DV) plane is mutually perpendicular to the ML and AP planes. Using these conventions, extension of the knee joint occurs in the anterior direction with flexion in the posterior direction, whereas femoral adduction would occur in the medial direction and abduction in the lateral direction.
Femoral stress calculations similarly followed approaches established in our previous analyses of sprawling taxa (Blob and Biewener, 2001; . Stresses were calculated at mid-shaft, where bending moments are the greatest (Biewener and Taylor, 1986) , and were imposed due to the action of both the GRF and muscular forces. To estimate muscle forces, limb joints were assumed to be in static rotational equilibrium; in addition, a further initial assumption was made that only muscles that would counteract the rotational moment of the GRF would be active (Alexander, 1974; Biewener, 1983; Biewener and Full, 1992 ). Yet, although all muscles that cross a joint and are active during stance could contribute to moments that would counter the moment imposed on a joint by the GRF, only forces exerted by muscles spanning the mid-shaft of the femur (Fig.1, Table1 ) contribute directly to calculations of peak bending stress (Alexander, 1974; Biewener et al., 1983; Blob and Biewener, 2001; . With these assumptions, the total muscle force (F m ) required to maintain equilibrium at a joint is calculated as:
where R GRF is the moment arm of the GRF about the joint (calculated in custom MATLAB routines) and r m is the moment arm of the muscles acting to oppose the moment of the GRF. If F m was produced by the action of multiple muscles with different values of r m , a weighted mean r m was calculated for the group based on the physiological cross-sectional areas (PCSA) of each muscle, which are assumed to be proportional to the forces they exert (Alexander, 1974; Biewener and Full, 1992) . Muscle moment arms were measured with digital calipers during specimen dissections with the right hindlimb held in midstance position, and PCSAs were calculated following published protocols (Biewener and Full, 1992) .
To evaluate the contributions of muscular forces to femoral stress, we constructed a model of muscle activity in the opossum hindlimb that included extensors of the ankle, flexors and extensors of the knee, and adductors and extensors of the hip (Fig.1) . Consideration of all of these muscle groups was necessary to evaluate the contributions of biarticular ankle extensors to total moments at the knee joint that might elevate the forces exerted by muscles spanning the femur (Alexander, 1974; Biewener, 1983; Schoenfuss et al., 2010) . Because published data on hindlimb muscle activity were unavailable for opossums, our assessments of which muscles to consider followed the precedent of previous force-platform-based analyses of bone loading in small mammals (Biewener, 1983) and drew from available electromyographic (EMG) data for rats and cats (Rasmussen et al., 1978; Sullivan and Armstrong, 1978; Gruner and Altman, 1980; Roy et al., 1991; Gillis and Biewener, 2001; Thota et al., 2005) to supplement anatomical assessments of function specific for opossums (Romer, 1922) .
Our model included the following key features. First, as in previous studies (Biewener, 1983; Blob and Biewener, 2001; , muscles are assumed to act in the same anatomical plane throughout stance phase. Second, at the ankle, our model focused on ankle extensors (i.e. foot plantarflexors) because the GRF exerts a flexor moment at the ankle for most of stance (see Results). Seven muscles contribute to ankle extension, of which four only oppose the GRF moment at the ankle (flexor digitorum longus, flexor hallucis longus, soleus and peroneus), but three are biarticular and also contribute to a flexor moment at the knee (gastrocnemius lateralis, gastrocnemius medialis and plantaris). Third, seven muscles (or muscle groups) contribute to extensor moments at the hip, but five (gluteal complex, caudofemoralis, crurococcygeus, obturator internus and obturator externus) insert proximally and were modeled as only contributing to hip moments, whereas the remaining two (biceps femoris and semitendinosus) span the length of the femur (Fig.1 ) and also contribute to midshaft femoral bending stresses, placing the posterior surface in compression. Fourth, knee extensors . Outline sketch (right lateral view) of the hindlimb skeleton of Didelphis virginiana illustrating the lines of action of the major muscle groups contributing to stresses in the femur during the stance phase of terrestrial locomotion for the anteroposterior (red arrows) and mediolateral (blue arrow) directions. These forces are elicited in response to the ground reaction force (GRF; black arrow). Sketch modified from Kemp (Kemp, 1982) .
(rectus femoris and the vasti) spanning the anterior surface of the femur counter the combined knee flexor moments of the GRF and ankle extensors that span the knee. The bending moment induced by the knee extensors opposes that induced by hip extensors, placing the anterior femoral cortex in compression. And fifth, five hip adductor muscles (adductor magnus, adductor longus, adductor brevis, gracilis and semimembranosus) counter the abductor moment of the GRF at the hip (see Results), with all five spanning the midshaft. In a significant revision of previous models of bone loading in small mammals based on force-platform analyses (Biewener, 1983) , our three dimensional measurements of GRF moments allow the action of these muscles to be aligned with their anatomical position, rather than grouped with hip extensors. Thus, contraction of these muscles can be modeled as bending the femur to place its medial surface in compression.
Using the model outlined, muscle force calculations were made for each of the 101 time increments for each trial using custom MATLAB routines. Complications with calculating muscular contributions to femoral torsion (i.e. shear stresses) led us to desist from making such estimates (Blob and Biewener, 2001; . Nonetheless, the model we apply in this study accounts for known co-activation of antagonist muscle groups to the extent possible, and allows us to calculate estimates of muscle forces comparable to those from previous analyses (Biewener, 1983; Blob and Biewener, 2001; .
After calculating estimates of muscle forces, bending moments along with axial and bending stresses were calculated following published methods (Biewener, 1983; Biewener and Full, 1992; Beer and Johnston, 1997 ) modified for three-dimensional analysis (Blob and Biewener, 2001; . Linear and angular anatomical variables (Table2) were measured from digital photographs of the femur of each opossum. Cross-sectional anatomical variables (cross-sectional area, second moments of area and polar moment of area; Table2) were calculated from digital photographs of mid-shaft sections cut from each bone, traced in Microsoft PowerPoint and input into custom software (Lieberman et al., 2003) . Bending moments and stresses were calculated for perpendicular ML and AP directions (Blob and Biewener, 2001) , and accounted for bending induced by axial forces due to the moment arm of bone curvature, r c (Biewener, 1983) . Net bending stress magnitude at the mid-shaft of the femur was calculated as the vector sum of bending stresses in the AP ( b/AP ) and ML ( b/ML ) directions (Blob and Biewener, 2001 ); q, angle between the muscle and the long axis of the femur (deg); r m , moment arm of the muscle (mm) about the joint (a superscripted k indicates knee flexion). Femoral loading in opossums , allowing the orientation of peak bending stress to be calculated as:
where  b/net is the angular deviation of peak stress from the ML axis. This peak stress axis is perpendicular to the net neutral axis of bending. Net longitudinal stresses at the points of peak tensile and compressive bending were then calculated as the sum of axial and bending stresses. Torsional stress () due to the GRF was calculated as:
where T is the torsional moment applied to the bone by the GRF (determined from the magnitude of the net GRF and its moment arm to the long axis of the femur), y t is the distance from the centroid of the bone to its cortex, and J is the polar moment of area (Wainwright et al., 1976) . For each animal, y t was calculated as the mean of the y values from the perpendicular AP and ML directions (Table2).
Mechanical property tests and safety factor calculations
Because published data on the bending strength of opossum femora were available for the closely related species Didelphis marsupialis , we focused our new measurements on the mechanical properties of opossum femora in torsion . Shear stresses at failure were evaluated in torsion (model 8874 biaxial testing machine with 25kN load cell; Instron, Norwood, MA, USA) for whole bone specimens (N7 femora) from our experimental animals, as well as additional individuals used in complementary measurements of femoral strains . Procedures closely followed those we have described previously in other studies Wilson et al., 2009; Butcher et al., 2011) . Briefly, rosette strain gauges were glued to the anterior and posterior surfaces of cleaned femora for which each end was embedded ~15mm in dental cement. Amplified strain signals were collected while bones were twisted to failure at 3degs -1 (Furman and Saha, 2000) , with tests performed to simulate in vivo medial (i.e. inward) rotation. Yield point was identified from plots of applied twisting moment versus maximum shear strain as the first point where measured strain magnitude deviated from the magnitude expected based on the initial, linear slope of the curve by 200 microstrain (strainϫ10 -6 ) (Currey, 1990) . Yield stresses in torsion (shear stress) were calculated from Eqn 3, using the value of T at the time of yield.
Femoral safety factors in bending were calculated as bending strength divided by peak tensile stress using the peak tensile stresses calculated from our bone stress analyses and bending strength values published for D. marsupialis . 'Worst-case' safety factors in bending (Blob and Biewener, 2001) were also calculated as: (bending strength -2 ϫ standard deviation)/(peak tensile stress + 2 ϫ standard deviation). Finally, torsional yield stresses were also compared with the shear stresses on the femur induced by the GRF, but these must be regarded cautiously in the context of safety factors because these estimates of locomotor shear stress do not account for contributions of muscle forces (see above). Values are means ± s.e.m. (Nnumber of steps analyzed). AP, anteroposterior; BW, body weight; ML, mediolateral. GRF femur angle, angle of GRF to the femur; GRF AP angle, anteroposterior inclination angle of GRF; GRF ML angle, mediolateral inclination angle of GRF. Vertical0deg for GRF AP and ML angles of inclination; for GRF AP, negative angles are posteriorly directed and positive angles are anteriorly directed; for GRF ML, negative angles are medially directed.
RESULTS

Overview of stance phase kinematics
Opossums use a plantigrade foot posture during running with a highly extended metatarsophalangeal (MP) angle (>150deg) for roughly half of stance, reflecting flat placement of the hindfeet on the ground. Speeds for the steps we analyzed (mean ± s.e.m.1.36±0.07ms -1 ; Table3) closely matched those recorded during high-exertion treadmill trials in our study of femoral strains in opossums , indicating that comparable and likely maximal levels of locomotor performance were achieved.
At the beginning of stance phase the femur is strongly adducted (mean ± s.e.m.-67±1deg, where 0deg is the horizontal plane; Figs2, 3) and in a slightly protracted position (mean ± s.e.m.12±1deg, where 0deg is vertical). The ankle and knee joints are initially extended, but reach maximal flexion by midstance as the GRF increases. The femur undergoes a small amount of additional adduction before smoothly abducting to a peak of -56±1deg shortly before the end of stance. The femur also retracts (i.e. the hip extends) roughly 40deg through the course of stance. After reaching maximal flexion, the knee and ankle re-extend through most of the second half of stance. Rapid MP flexion occurs during the second half of stance as the rear of the foot is lifted from the ground. During final lifting of the foot in the last 10% of stance, the MP joint rapidly extends while the knee flexes and the hip adducts in preparation for swing phase.
GRF magnitude and orientation
The GRF is oriented upwards and medially for nearly all of stance phase, and directed posteriorly for approximately the first third of stance before shifting anteriorly for the remainder of the step (Figs3,  4) . Peak magnitudes of the vertical component are roughly seven times greater than those for the ML and AP components, for which peak magnitudes are similar although they occur at different times in the step (Table3, Fig.4A ). The mean peak net GRF of 0.76±0.04BW (mean ± s.e.m.) occurred at 29.7±2.9% of stance (Table3), with a nearly vertical orientation (pooled mean at peak net GRF: AP angle, 1.0±2.2deg; ML angle, -6.7±0.3deg; 0degvertical in both directions with positive values indicating anterior and lateral inclinations; Fig.4B ). The limited medial inclination of the GRF shifted even closer to a vertical (near 0deg; Fig.4B ) orientation through midstance until nearly the end of the step. The combination of these GRF orientations with the position of the limb through the step produced an angle of only 10-25deg between the GRF and the femur for almost all of stance (17.5±1.7deg at peak GRF; Table3, Fig.4B ).
Moments of the GRF about hindlimb joints
The GRF exerts a dorsiflexor moment at the ankle for almost all of stance, until the last ~10% of the step when all but the most distal portions of the toes have been lifted from the ground (Fig.5) . The ankle moment increases early in the step and then decreases through the last 75% of stance; nonetheless, extensors (i.e. plantarflexors) of the ankle would be expected to exert force to counter this moment for nearly all of stance, with biarticular members of this group also contributing to a flexor moment at the knee.
GRF moments about the knee and hip all shift direction during the course of stance as the limb moves forward over the foot during the step. The GRF initially exerts an extensor moment at the knee, but this shifts to a flexor moment (that would sum with the moment imposed by biarticular ankle extensors) before midstance (Fig.5) . Thus, for the last 50-60% of stance, knee extensors would have to be active to counter this moment in order to maintain joint equilibrium (Fig.6B) . Very early in the step the GRF also exerts extensor and adductor moments at the hip; however, these both shift (to flexor and abductor moments, respectively) near 20% of stance (Fig.5) , indicating that activity of hip extensors and adductors would be necessary for most of the step to maintain joint equilibrium (Fig.6B) . The abductor moment appears to peak near 60% of stance (Fig.5) , just as the ML inclination of the GRF shifts to a near vertical orientation (Fig.4) .
The GRF also induces torsional moments on the femur that shift during the course of the step (Fig.5) . For the first 20% of stance (essentially matching the time during which the GRF exerts an adductor moment), these would tend to cause the right femur to rotate counterclockwise when viewed from its proximal end (i.e. inward rotation). Thereafter, the GRF would tend to rotate the right femur clockwise when viewed from its proximal end (i.e. outward rotation), reaching a peak moment at near 60% of stance.
Femoral stresses
Transverse components of the GRF impose substantial bending stresses in opossum femora in both the AP and ML directions, and the axial component of the GRF also imposes significant ML bending stress due to bone curvature (i.e. the medial offset of the femoral head to the shaft) (Fig.6A) . Stresses due to these external forces are the greatest early in stance (10-40%), when the net GRF is at its highest magnitude (Table3). At their peaks, these forces tend to place the lateral surface of the femur in tension and the anterior surface in compression (Fig.7) . However, the limb muscles make the greatest contribution to femoral bending stress in opossums, particularly in the ML direction (Fig.6) . These peaks occur later in the step (near 60% stance; Fig.6A ) than those induced by external forces (Fig.4A, Fig.6A ). Contraction of knee extensor muscles in opposition to the combined knee flexor moments of the GRF and biarticular ankle extensors places the anterior surface of the femur in compression, though this loading is moderated by the near simultaneous force exerted by hip extensors on the posterior aspect of the femur (Fig.6B) . Contraction of hip adductors (Fig.6B) places the medial surface of the femur in compression and produces complementary tension on the lateral surface (Fig.6A, Fig.7 ). Peak stresses across the muscle groups we evaluated ranged roughly between 50 and 110kPa (Fig.6B) , lower than the maximum isometric stresses reported from limb muscles of other mammals (Wells, 1965; Alexander, 2003) .
The opossum femur is loaded in axial compression and torsion as well as bending. Maximum tensile, compressive and shear stresses occurred nearly simultaneously in each step, averaging between 55 and 60% stance across all trials (Table4, Fig.7 ). This is considerably later than peak net GRF (near 30% stance; Table3), though GRF magnitudes have typically not shown major declines by this point in the step (Fig.4A) , and hip abductor moments (Fig.5 ) that might lead to elevated hip adductor forces and imposed stresses (Fig.6 ) are at their maximum as the medial inclination of the GRF becomes nearly vertical (Figs3, 4) . At the time of peak tensile stress, the net plane of bending (i.e. angle of the neutral axis from the anatomical ML axis) tended to place the lateral cortex in tension and the medial cortex in compression (Fig.7 ). This distribution of loading reflects the significant role of the adductor muscles in our model (Fig.1) .
Peak tensile and compressive stresses for opossum femora averaged 27.3±1.2 and -35.5±1.7MPa, respectively, with no clear correlation with speed across the range used by the animals in our study. Peak compressive stresses exceed peak tensile stresses during stance (Table4) because axial compression (-4.1±0.4MPa) is superimposed on bending. Peak femoral shear stresses (3.1±0.2MPa) are similar to axial compression in absolute magnitude (Table4); moreover, as noted in the Materials and methods, these values are minimum estimates that reflect only the rotational moment exerted by the GRF, and do not account for torsion produced by limb muscles.
Femoral mechanical properties and safety factor calculations
Femoral yield for opossums in bending [mean ± s.e.m.222±12.3MPa based on data from D. marsupialis ] occurred at much higher stress magnitudes than femoral yield in torsion (mean ± s.e.m.57.6±5.2MPa based on data from D. virginiana; Table5). However, peak bending stress magnitudes are also likely much higher than peak shear stress magnitudes. Without accounting for torsional stresses imposed by limb muscles, the difference between bending and torsional stress is considerable (27.3±1.2 versus 3.1±0.2MPa, respectively; Table4), though our calculations of torsional loading likely underestimate the total shear stress on the femur to some degree. The differences in both loads and mechanical properties of opossum femora between bending and torsion generate estimates of safety factors for these regimes of 8.1 versus 18.6 (Table5), with the more reliable estimate for bending falling within the range of 5-10 typically reported for non-avian reptiles in previous studies. 'Worst-case' estimates of safety factor are 6.6 for bending and 13.5 for torsion, again reflecting the likelihood that the demands that running opossums place on their limb bones, even though they are using a posture that is closer to parasagittal, result in a margin of failure similar to that seen in nonmammalian species and higher than other mammals that use a less crouched limb posture.
DISCUSSION Loading regimes in opossum femora: the significance of torsion and ML bending
The opossum femur is loaded in a combination of axial compression, bending and torsion. Although axial compression and bending were expected based on previous studies of limb bone loading in mammals (Biewener, 1983; Biewener et al., 1983; Biewener et al., 1988) , the significance of torsion was more surprising. Correlated with the use of upright limb posture and parasagittal kinematics, particularly among larger species (e.g. dogs and horses), most previous studies of mammalian limb bone loading had found (or assumed) negligible torsion in hindlimb bones during locomotion (e.g. Alexander, 1974; Rubin and Lanyon, 1982; Biewener, 1983; Biewener et al., 1983; Biewener et al., 1988) . However, the mean magnitude of shear stress induced by the GRF in opossum femora (3.1±0.2MPa) is similar in magnitude to that measured from many reptilian and amphibian species [1.0-5.8MPa across salamanders, lizards and crocodilians (Blob and Biewener, 2001; ]. These results corroborate findings of appreciable shear strains in opossum femora and are consistent with findings of moderate to substantial torsional loading in the femora of laboratory rats (Keller and Spengler, 1989) and terrestrial birds (Carrano, 1998; Main and Biewener, 2007) . These species, like opossums, also use nearparasagittal limb kinematics and hold the femur in a crouched position for much of their stance. Given that GRF orientation during periods of peak loading is essentially similar across a wide range of species from amphibians to mammals, and spanning sprawling to upright posture ( . Y-axis scales differ for these plots to provide increased resolution for the small AP and ML forces. All trials were normalized to the same duration, allowing values to be graphed against the percentage of time through the stance. (B)Angle of the GRF (top to bottom) relative to the long axis of the femur and in the AP and ML directions. AP angles were determined relative to vertical at 0deg (90deg indicates horizontal GRF, pointing forward; <0deg indicates posteriorly directed GRF). ML angles were determined relative to vertical at 0deg (negative values indicate medially directed GRF). Femoral angles were determined relative to 0deg at the femoral long axis. , these data indicate that differences in loading regimes across taxa are primarily influenced by their different limb postures. They also suggest that torsional loading may be a persistent, ancestral feature of tetrapod limb mechanics until fully upright posture is adopted. Although bending was expected for opossum femora, the direction of bending that was identified was unexpected based on Note that y-axis scales differ for these plots to provide greater resolution for smaller moments. Directions of moments are labeled to the right of the figure plots. Hip AP, the GRF moment about the hip in the anatomical anterior and posterior directions; hip ML, the GRF moment about the hip in the anatomical medial and lateral directions; knee and ankle, the GRF moments about the knee and ankle joints; right prox. clock., torsional GRF moment, clockwise when viewing the right femur from the proximal end; right prox. counter., torsional GRF moment, counterclockwise when viewing the right femur from its proximal end. Bending stresses induced by axial forces are relatively small and overlap along the zero line for the AP direction. (B)Stresses calculated to act in hindlimb muscle groups (see Fig.1 ) of opossums during terrestrial locomotion, based on anatomical data from Table1. Note that the hip and knee extensors both impose AP bending but act on opposite sides of the femur, so that the net sum of femoral stress imposed by AP muscles that is plotted in A is lower in absolute magnitude than the net stress imposed by the hip adductors, plotted as ML muscles in A. This contributes to the predominance of ML femoral bending (Fig.7) . All plots in A and B show means (±s.e.m.) averaged across all four opossums (N8-20 trials per individual, 56 total steps per data point).
their parasagittal limb kinematics. Previous studies of mammalian limb bone loading (e.g. Biewener, 1983; Biewener et al., 1983) had identified primarily AP bending, although some of these studies were based on only two-dimensional force data with a limited capacity to measure bending out of this plane. In an additional corroboration of results from in vivo strain measurements, our force-platform data also indicated a fairly close alignment of the neutral axis of bending with the anatomical AP axis, such that the medial surface of the femur was placed in tension and the lateral surface in compression (Fig.7C) . This orientation indicates a strong divergence of the direction of femoral bending from the direction of travel; however, our model of muscular forces acting on the femur provides insight into how this pattern arises. Our use of a three-dimensional analysis allows the action of medially situated adductor muscles to be modeled in their most appropriate anatomical plane, rather grouping these muscles with posteriorly situated hip extensors as in previous studies (e.g. Biewener, 1983) . Because the GRF exerts an abductor moment for most of the step (Fig.5) , these adductors must be active for most of stance (Fig.6B) , contracting to place the medial surface of the femur in compression. This stress increases as the GRF becomes more vertical (Figs3, 4) and its hip abductor moment arm increases (Fig.5) towards 60% of stance, even as GRF magnitude has begun to decrease from its peak near 30% of stance. In addition, it is not substantially countered by the action of any hip abductor muscle spanning the length of the femur that could bend the bone in the opposite direction and reduce overall stress. The medial inflection of the femoral head from the shaft also increases the potential for axial forces to impose ML bending (Fig.6A) . In contrast, for bending in the AP direction, knee extensors on the anterior surface are active later in the step (Fig.6B) against the flexor moment of the knee (Fig.5 ), but these impose stress in the opposite direction from the hip extensors (on the posterior surface of the femur) or the GRF for much of the time they are active (Fig.6) Values are means ± s.e.m. (Nnumber of steps analyzed). Axial stresses are reported at the time of peak tensile stress. Shear stresses are reported for counterclockwise rotations of the right femur as viewed from the proximal end. Peak tension and compression times are shown as a percentage of stance. Deviations of the neutral axis from the anatomical mediolateral (ML) axis of each bone are counterclockwise in direction (i.e. positive angle from horizontal at 0deg). AP, anteroposterior. Vertical0deg for GRF AP and ML angles of inclination; for GRF AP, positive angles are anteriorly directed; for GRF ML, negative angles are medially directed and positive angles are laterally directed.
is minimized. This combination of strong adductor muscle activity and minimization of bending imposed by anteriorly and posteriorly situated muscles generates a predominantly ML pattern of bending (Fig.7 ) despite the main AP oscillation of the limbs during running.
Safety factors in opossum femora: mechanical basis and evolutionary implications
Safety factors of the opossum femora were determined to be 8.1 in bending and potentially as high as 18.6 in torsion, though (as noted previously) this latter value does not account for torsional stresses induced by limb muscles. This value for bending is relatively similar to strain-based estimates of femoral safety factors for opossums, which range between 5 and 8 . Though there are differences in safety factor estimates between the two experimental approaches, the presence of such differences has been noted in other comparisons of these techniques . Like the corresponding strain data, the opossum safety factors obtained through this stress analysis were moderately higher than the safety factors of other mammals and at least as high as the safety factors calculated for reptiles and amphibians in recent studies (Blob and Biewener, 2001; . The mechanical properties of opossum limb bones are not especially distinctive compared with those of other taxa (Currey, 1987; Erickson et al., 2002; Wilson et al., 2009 ). Instead, opossum safety factors are higher than those of most mammals because the magnitudes of loads they experience are lower (by a factor of two or more for some species; Table4). Although the running speeds we measured (Table3) indicated that our opossums were approaching their maximal performance , muscle stresses were moderate (Fig.6B) and it is possible that limb bone loads might be higher (and safety factors lower) in opossums if they simply performed more taxing locomotor behaviors. For example, unlike many mammalian species in which limb bone safety factors have been measured [e.g. horses Biewener et al., 1988) ], opossums are constrained to trotting, rather than transitioning to a gallop, as they run at higher speeds (Peters et al., 1984; White, 1990; Reilly and White, 2003 ). Yet, the question remains why high limb bone safety factors might be maintained in opossums despite the potentially lower demands that they face . One possibility is that such safety factors are simply not sufficiently disadvantageous to be selected against (Blob and Biewener, 1999; .
A further outstanding question is the nature of the evolutionary association between limb posture and limb bone loading magnitudes. Did upright posture help to keep increasing limb bone loads in check, or might elevated loads actually have accompanied the evolution of more upright posture? Historical data to evaluate these alternatives would be challenging to gather. However, the recognition that, within animals that use a range of limb postures, loads often increase with the use of more upright stance (Blob and Biewener, 1999; Blob and Biewener, 2001; Reilly and Blob, 2003) suggests that the evolution of upright posture in mammals may have carried accommodation of higher limb bone loading as a consequence (Blob, 2001) .
